West Antarctica is well-known as a region that is highly susceptible to atmospheric and oceanic warming. However, due to the lack of long-term and in-situ meteorological observations little is known about the magnitude of the warming and the meteorological conditions in the region at the intersection between the Antarctic Peninsula (AP), the West Antarctic Ice Sheet 25 conclude that the UG region -located in the transition zone between the AP, the WAIS and the EAIS -is exhibiting rather 5
Introduction
The Antarctic Peninsula (AP) and the West Antarctic Ice Sheet (WAIS) have gained scientific interest as both regions have been experiencing significant atmospheric and oceanic changes during recent decades. The WAIS is considered as one of the 10 fastest warming regions on Earth based on the analysis of meteorological records (Steig et al., 2009; Bromwich et al., 2013) and ice cores (Steig et al., 2013) . Time series of near-surface air temperature from weather stations (Turner et al., 2005; Vaughan et al., 2003) as well as stable water isotope records from ice cores (Thomas et al., 2009; Abram et al. 2011) provide evidence that the AP has warmed by more than 3°C since the 1950s.
The mechanisms and factors forcing the anomalously strong and rapid warming of the AP and the WAIS have been widely 15 discussed: For the AP the warming process has been linked to the shift of the Southern Annular Mode (SAM) towards its positive phase during the second half of the 20 th century (e.g. Thompson and Solomon, 2002; Gillett et al., 2006; Marshall, 2006; Marshall et al., 2007; ) . The SAM is the principal zonally-symmetric mode of atmospheric variability in extra-tropical regions of the Southern Hemisphere (Limpasuvan and Hartmann, 1999; Thompson and Wallace, 2000; Turner, 2004) . The positive phase of the SAM is characterized by decreased geopotential height over the polar cap, but increased geopotential 20 height over the mid-latitudes. This leads to a strengthening and poleward shift of the mid-latitude westerlies over the Southern Ocean and hence to increased cyclonic activity and warm air advection towards Antarctic coastal regions (Thompson and Wallace, 2000; Thompson and Solomon, 2002; Turner, 2004; Gillett et al., 2006) . Consequently, a positive (negative) SAM is associated with a warming (cooling) on the AP and anomalously low (high) temperatures over eastern Antarctica and the Antarctic plateau (Thompson and Wallace, 2000; Thompson and Solomon, 2002; Gillett et al., 2006) . The recent shift of the 25 SAM towards its positive phase has been attributed to the increase of anthropogenic greenhouse gas concentrations in the atmosphere and to stratospheric ozone depletion (Thompson et al., 2011; Gillett et al., 2008) , but also to locally confined seaice loss .
The exceptional rapid warming of the WAIS has been suggested to be driven by sea surface temperature (SST) anomalies in the central and western (sub)tropical Pacific (e.g. Schneider et al., 2012; Ding et al., 2011; Steig et al., 2013; Bromwich et al., 30 2013) . It further seems to be linked to the recent deepening of the Amundsen Sea Low (ASL) influencing meridional air mass and heat transport towards West Antarctica (Bromwich et al., 2013; Hosking et al., 2013; Raphael et al., 2015) . Changes in the absolute depth of the ASL are strongly related to the phase of the El Niño-Southern Oscillation (ENSO) and the SAM (Raphael et al., 2015) . ENSO is the largest climatic cycle on Earth on decadal and sub-decadal time scales originating in the tropical The Cryosphere Discuss., https://doi.org /10.5194/tc-2018-161 Manuscript under review for journal The Cryosphere Discussion started: 4 October 2018 c Author(s) 2018. CC BY 4.0 License.
Pacific. ENSO directly influences the weather and oceanic conditions across tropical, mid-and high-latitude areas on both hemispheres (Karoly, 1989; Diaz and Markgraf, 1992; Diaz and Markgraf, 2000; Turner, 2004; L'Heureux and Thompson, 2006 ).
However, current trends in Antarctic climate and their drivers are still not completely understood, especially on regional scales. Turner et al. (2016) revealed that temperatures on the AP have decreased since the late 1990s, due to increased cyclonic activity 5 in the northern Weddell Sea. Thomas et al. (2013) showed that the warming in West Antarctica at the end of the 20 th century
was not unprecedented in the past 300 years. In addition, the East Antarctic Ice Sheet (EAIS) has rather experienced a slight cooling during recent decades, in line with the occurrence of a more positive SAM (Turner et al., 2005; Stenni et al., 2017) .
Therefore, data on meteorological parameters such as air temperature, precipitation (accumulation rates), moisture sources and transport pathways of precipitating air masses are vital to assess past and recent changes of Antarctic climate. Direct 10 observations of these parameters are lacking, particularly in the interior of the Antarctic continent, and, thus proxy data derived from firn and ice cores, e.g. stable water isotopes, provide important information on past and recent climate variability on local to regional scales (Thomas and Bracegirdle, 2015) . For the region at the intersection between the AP, the WAIS and the East Antarctic Ice Sheet (EAIS) data is generally sparse, and little or no long-term meteorological data are available from this part of the Antarctic continent (Stenni et al., 2017; Thomas et al., 2017) . The region is located at the transition to the Ronne-15 Filchner Ice Shelf, for which a recent modelling study suggests its susceptibility to destabilization and disintegration under a warming climate (Hellmer et al., 2012; Hellmer et al., 2017) , as already observed for ice shelfs around the AP and the WAIS (e.g. Pritchard and Vaughan, 2007; Cook and Vaughan, 2010; Scambos et al., 2014; Rignot et al., 2014; Joughin and Alley, 2011 ).
This study aims to improve our understanding of climate change at the intersection between the AP, the WAIS and the EAIS 20 based on firn-core stable water isotope data from the Union Glacier (UG) region, located in the Ellsworth Mountains at the northern edge of the WAIS (Fig. 1a) . Union Glacier (79°46' S, 83°24' W; 770 m above sea level [asl.]) is one of the major outlet glaciers within the Ellsworth Mountains and flows into the Ronne-Filchner Ice Shelf in the Weddell Sea sector of Antarctica. It is composed of several glacier tributaries -the main ones being Union and Schanz Glaciers -covering an estimated total area of 2561 km 2 . UG has a total length of 86 km, a maximum ice thickness of 1540 m and a maximum depth 25 of the snow-ice boundary layer of 120 m (Rivera et al., 2014) The subglacial topography of the glacier valley is smooth with U-shaped flanks and the bedrock is located below sea level (-858 m; Rivera et al., 2014) .
In this study we use high-resolution data on the density and stable water isotope composition of firn cores drilled at various locations in the UG region for reconstructing accumulation rates and inferring recent changes in meteorological parameters such as air temperature on local to regional scales. We further investigate how these variables are related to temporal changes 30 of moisture source regions, sea ice extent and concentration (SIE and SIC) and atmospheric modes such as SAM and ENSO.
Backward trajectory analyses are applied to determine potential source regions and transport pathways of precipitating air masses reaching the UG region. We aim to conclude on whether and to what extent the UG region and surrounding areas are The Cryosphere Discuss., https://doi.org /10.5194/tc-2018-161 Manuscript under review for journal The Cryosphere Discussion started: 4 October 2018 c Author(s) 2018. CC BY 4.0 License. experiencing the same strong and rapid warming as observed for the neighbouring AP in the north and the WAIS in the south, respectively.
Data and Methodology

Fieldwork, sample processing and analysis 5
Two glaciological field campaigns were conducted in the UG region in austral summers 2014 and 2015. Here we examine six firn cores retrieved, using a portable solar-powered and electrically-operated ice core drill (Backpack Drill; icedrill.ch AG), at different locations ranging between 760 m asl. and 1900 m asl. in altitude: GUPA-1, DOTT-1, SCH-1, SCH-2, BAL-1 and PASO-1 (Fig. 1b) . Details on the drill locations and basic core characteristics are given in Table 1 .
For cores BAL-1 and PASO-1 high-resolution (< 1 mm) density profiles were obtained using X-ray microfocus computer 10 tomography (ICE-CT; Freitag et al., 2013) at the ice-core processing facilities of AWI Bremerhaven. The cores were sampled at 2.5 cm resolution and analysed for stable water isotopes using a cavity ring-down spectrometer (L2130-i; Picarro Inc.) coupled to an auto-sampler (PAL HTC-xt; CTC Analytics AG) at the Stable Isotope Laboratory of AWI Potsdam. Stable water isotope raw data was corrected for linear drift and memory effects following the procedures suggested by van Geldern & Barth (2012) using six repeated injections per sample from which the first three were discarded. The drift-and memory-15 corrected isotopic compositions were then calibrated with a linear regression analysis using four different in-house standards that have been calibrated to the international VSMOW2 (Vienna Standard Mean Ocean Water)/SLAP2 (Standard Light Antarctic Precipitation) scales. Stable water isotope ratios are reported in per mil (‰) versus VSMOW2. Precision of the measurements is better than 0.08‰ for δ 18 O and 0.5‰ for δD.
For cores GUPA-1, DOTT-1, SCH-1 and SCH-2 density profiles were constructed by section-wise determining the core 20 volume and weight. Accordingly, average resolution of density profiles is 25 cm for GUPA-1, 40 cm for DOTT-1, 27 cm for SCH-1 and 78 cm for SCH-2. Cores GUPA-1, DOTT-1 and SCH-1 were then sampled at 5 cm resolution for stable water isotope analysis carried out at the Stable Isotope Laboratory of UNAB in Viña del Mar, Chile. For the measurements an offaxis integrated cavity output spectrometer (TLWIA 45EP; Los Gatos Research) was used with a precision being better than 0.1‰ for δ 18 O and 0.8‰ for δD (Fernandoy et al., 2018) . Each sample was measured using ten repeated injections from which 25 the first four were discarded. Stable water isotope raw data was corrected for linear drift and memory effects and then normalized to the VSMOW2/SLAP2 scales using the software LIMS (Laboratory Information Management System; Coplen & Wassenaar, 2015 , the Cl/Na-ratio and H2O2 for SCH-2 ( Fig. 2 ) and nssS (non-sea salt S) and the nssS/ssNa (sea-salt Na)-ratio for PASO-1 as these parameters exhibit clear seasonal alternations between highest and lowest values. For the dating of PASO-1 the signal of the Mt. Pinatubo eruption (1991) could be clearly identified, especially 15 in the nssS record and, hence, was used as additional tie point (Fig. 3) . Cores GUPA-1, DOTT-1, SCH-1 and BAL-1 were dated based on ALC of stable water isotopes and matching to the SCH-2 age scale. The estimated error associated to ALC is ±1 year for cores dated with glacio-chemistry and ± 2 years for cores dated with stable water isotopes only.
Snow accumulation rates at the firn core sites were determined and converted to meters of water equivalent per year (m w.eq.a -1 ) based on measured densities (S1). 20
Composite stable water isotope and accumulation records were constructed for the entire UG region by combining time series of annually averaged stable water isotopes and accumulation rates of the individual firn cores (non-standardized and standardized; Stenni et al., 2017) . Linear trends were calculated and tested for their significance using the non-parametric Mann-Kendall and Sen slope (s) estimator trend test (Mann, 1945; Kendall, 1975; Sen, 1968) with correction for autocorrelation according to Yue & Wang (2004) . 25
Meteorological database and backward trajectory analysis
Meteorological data from an AWS located at the UG ice runway (79°47' S, 82°53' W, 705 m asl.; water isotopes and accumulation rates were also related to time series of climate modes such as SAM and ENSO as well as to 5 SIE and SIC in order to identify dominant drivers of potential climate variability in the UG region. We used the Marshall SAM Index (Marshall, 2003) as indicator for the prevailing SAM phase (available at: https://legacy.bas.ac.uk/met/gjma/sam.html) and the Multivariate ENSO Index (MEI; Timlin, 1993, 1998) 
Results
Meteorological data
The mean daily air temperature for the composite record of near-surface air temperature ( DOTT-1 and SCH-1 are due to leaking sample bags (GUPA-1: 2 samples; DOTT-1: 3 samples; SCH-1: 2 samples). The number of years identified in each core by ALC and the respective period covered is summarized in Table 2 . Core DOTT-1 (16 years, 1999 DOTT-1 (16 years, -2014 exhibits the shortest and PASO-1 (43 years, 1973 PASO-1 (43 years, -2015 he longest record. Note that for age-model construction of GUPA-1 two years (1990, 2001 ) and of BAL-1 three years (1981, 1983, 1994) were identified by linear interpolation due to smoothing of the stable water isotope records in the respective core sections. Furthermore, for SCH-1 the 10 first year (1986) was identified by linear extrapolation at the lower end of the core. Furthermore, for all cores the last year (either 2014 or 2015) was excluded from the analysis as it is incomplete.
Firn core stable water isotopes and accumulation rates
The mean isotopic composition of the six firn cores ranges from -36.6 ‰ (PASO-1) to -29.9 ‰ (DOTT-1) for δ 18 O and 15 from-285.9 ‰ (PASO-1) to -233.1 ‰ (DOTT-1) for δD, respectively (Table 1) . Absolute minimum δ-values are found in GUPA-1, absolute maximum δ-values in DOTT-1. Note that the results for GUPA-1 have to be handled with caution as this core was drilled next to the UG field camp and ice-landing strip. Therefore, snow relocation effects due to wind drift and/or human activities (e.g. runway maintenance) might have biased its stable water isotope composition. This is also indicated by less pronounced seasonal alternations in the GUPA-1 isotope record (S2). Despite different drill locations and altitudes, the 20 range in mean d excess values of the six cores is small (from 4.9 ‰ [SCH-2] to 7.0 ‰ [PASO-1]). The slope of the coisotopic relationship (Table 1 and Fig. 5a-g ) is close to that of the Global Meteoric Water Line (GMWL; Craig, 1961) for all cores. Hence, the meteoric origin of the stable water isotope signal is preserved during moisture transport and snow deposition at the study site (Clark and Fritz, 1997) . ) were found for DOTT-1and SCH-2, despite the site of SCH-2 being located further inland and at about 750 m higher altitude compared to DOTT-1 (Table 1 and O-time series of UG firn cores are found in 1991, 1997, 2002, 2006 and 2007 (Fig. 7) . The aboveaverage warm summer in 2002 is the only maximum found in all cores. Prominent minima occur -although not visible in all cores -in the years 1995, 2001, 2004, 2010 and 2014 . In the following, core GUPA-1 is excluded from statistical evaluation due to the likely biasing and smoothing of its stable water isotope record as a consequence of its site specifications. From the inter-comparison of mean, minimum and maximum values of δ 18 O annual means for the overlapping period (1999-2013; 10 Table 1 and S3), a depletion of the stable water isotope composition with increasing height ("altitudinal effect") and distance from the sea ("continentality effect") has been detected as expected for a Rayleigh distillation process (Clark and Fritz, 1997) . O trend is still preserved, however it is not statistically significant anymore (s = +0.003, p-value = 0.517). From this we infer that the regional increase in near-surface air temperature, if real, must have been small during the last 35 years. Apparently, the UG record is highly susceptible to minor changes in data processing and thus too short for drawing general conclusions on regional climate change. However, our 25 finding based on standardized data is consistent with the absence of a clear regional warming on the AP since the late 1990s (Turner et al., 2016) , although the tipping point from warming to cooling is not visible in the UG dataset. It is also in line with findings from ice cores retrieved from the Ronne-Filchner Ice Shelf and the Weddell Sea sector, respectively, that show no statistically significant trends in their stable water isotope time series (e.g. Foundation Ice Stream [Graf et al., 1999] , Berkner Island [Mulvaney et al., 2002; Stenni et al., 2017] ). A negative trend in air temperature has been observed in the instrumental 30 record from Halley research station (1957 -2000 Turner et al., 2005) , whereas no trend has been found at Neumayer research station (1981 Schlosser et al., 2014) . (Fig. 9a) . Surprisingly, no correlation was found with near-surface air temperatures at the UG site, but with near-surface air temperatures further to the east (Coats Land). This might be due to the ERA-Interim model not capturing the local orography of the Ellsworth Mountains well and hence, not truly reflecting the local 20 climate at the UG site, but rather the regional climate along the Weddell Sea coast. (Table 3) . Furthermore, none of the standardized isotopic values exhibits a correlation with the MEI Index (Table 3) . Hence, oceanic circulation changes associated with the alternation between El Niño and La Niña events seem to have no visible influence on the stable water isotope composition of precipitation in the UG region.
Relation of stable water isotopes to large-scale climate modes and sea ice variability
The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-161 Manuscript under review for journal The Cryosphere Discussion started: 4 October 2018 c Author(s) 2018. CC BY 4.0 License. Kohyama and Hartmann (2016) showed that the SAM Index is statistically significantly positively correlated with sea ice extent (SIE) in the Indian Ocean sector of Antarctica. When comparing SIE in the different Antarctic sectors (Weddell Sea, Bellingshausen-Amundsen Sea, Ross Sea, West Pacific, Indian Ocean) with standardized UG stacks of δ-values and d excess, the only (weak) correlation is found between UG d excess and SIE in the Indian Ocean sector (0.315, p-value = 0.074; Table   3 ). However, this correlation might be an artefact and does not necessarily indicate moisture transport from the Indian Ocean 5 sector towards UG. Backward trajectory analyses with the HYSPLIT model (Fig. 10) suggest that the Weddell Sea sector is the dominant source region for precipitating air masses reaching the UG site. Spatial correlations with SIC yield a more specific regional picture of the interplay between sea ice distribution and UG moisture sources. We found that only SIC in the northern 
Spatial and temporal variability of accumulation rates and relation to sea ice and climate modes
Spatial and temporal variability of accumulation rates
For the overlapping period (1998-2013; Table 1 ) highest accumulation rates are observed at the DOTT-1 site that is located at the lowest elevation and closest to the sea. However, accumulation rates are very similar at the sites of SCH-1, SCH-2, BAL-1 and PASO-1, despite the clear differences in altitude and distance from the sea (Fig. 1b and Table 1 ). Accumulation 20 rates have decreased at all sites throughout the respective record period, except at the PASO-1 site (Fig. 6) ; p-value = 0). It seems that snow accumulation in the UG region is not 25 directly related to altitude and distance to the sea. Furthermore, spatially varying accumulation trends likely reflect the strong influence of site-specific characteristics on accumulation rates, in particular the different exposure to wind drift. DOTT-1 and PASO-1 -the former located on an ice rise and the latter located on a high-altitude plateau -might be more exposed to wind drift than the sites of SCH-1, SCH-2 and BAL-1. The latter three are all located within U-shaped glacial valleys stretching from northwest to southeast (Fig. 1b) , and, thus, are potentially better protected from the predominant south-westerly winds. 30
Hence, here accumulation trends might be better preserved in the record.
Analogously to the UG δ 18 O-stack a composite accumulation time series (non-standardized and standardized) has been constructed and analysed for the period that comprises at least three core records (1980-2014; excluding GUPA-1; Fig. 8 ).
From the non-standardized accumulation record an average accumulation rate in the UG region of 0.25 m w.eq.a -1 has been Kaspari et al., 2004) .
The UG composite accumulation record -derived from both non-standardized and standardized time series -shows a slightly 5 negative trend ( Fig. 8 ; non-standardized: s = -0.001 m w.eq.a -1 , p-value = 0.006; standardized: s = -0.020, p-value = 0.001).
This finding is in contrast to the positive precipitation trend observed on the AP (Turner et al., 2005; Frieler et al., 2015; Thomas et al., 2008; Thomas et al., 2017) and in coastal Ellsworth Land (Thomas et al., 2015) .
Relation of accumulation rates to sea ice variability and large-scale climate modes 10
Backward trajectory analysis revealed that the Weddell Sea sector is the most likely moisture source region for UG ( Fig. 10 and see above). Surprisingly, there does not appear to be a relationship between SIC in the Weddell Sea sector and snow accumulation at UG. Instead, there is a very weak positive correlation with SIC in the Bellingshausen Sea sector (Fig. 11c) .
Reduced sea ice in the Bellingshausen Sea sector, and the increased availability of surface level moisture, has been used to explain the increases in snow accumulation along the AP and in coastal Ellsworth Land during the 20 th century (Thomas et al., 15 2015) . However, the UG site is considerably distant from the sea-ice edge and, thus, changes in sea ice appear to be less important for snow accumulation in this region. There is no correlation between snow accumulation at UG with either SAM or ENSO (Table 3 ). This suggests that snow accumulation in the UG region is likely not driven by large-scale modes of climate variability and that UG seems to be located in a transition zone between West and East Antarctic climate. The UG composite accumulation record is only weakly correlated with ERA-Interim precipitation-evaporation time series at the site (Fig. 9b) . 20 Similar has been found for other firn and ice cores in the region (Thomas et al., 2017) . This may be because the models used for the reanalysis are unable to capture the small orography of the Ellsworth Mountains, or be evidence of post-depositional processes at the firn core sites (wind erosion, snow deposition and/or drift).
Conclusions 25
In this study, we examined six firn cores from the Union Glacier region in the Ellsworth Mountains (79⁰46' S, 83⁰24' W) As the UG firn core records demonstrated to be are highly susceptible to minor changes in data processing, longer records and deeper ice cores are essential to draw general and statistically more significant conclusions on climate change in the UG region. 15
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